[1] We used three methods-spectral index mapping, linear spectral mixture analysis, and factor analysis and target transformation-to determine if carbonate decomposition products, including lime (CaO), periclase (MgO), portlandite (Ca(OH) 2 ), and brucite (Mg(OH) 2 ), are present on the surface of Mars. Using an expanded spectral library that includes decomposition products of calcite and magnesite, we deconvolved a binned emissivity data set from the Mars Global Surveyor Thermal Emission Spectrometer (MGS-TES). The deconvolution model indicates that anhydrous carbonates are not present at kilometer scales above the TES detection limit; however, carbonate decomposition products may be present at or above the TES detection limit in northeast Syrtis Major and several other small regions on Mars. The model results are supported by spectral index mapping and factor analysis and target transformation of TES data in this region. The volcanic setting of the detections may indicate the interaction of Syrtis Major lavas with subsurface carbonates, or, alternatively, the eruption of carbonate-bearing lavas that were subsequently devolatilized by impacts or later lava flows.
Introduction
[2] The question of whether carbonates ever formed on Mars at large outcrop scales has motivated remote sensing and in situ analyses of the Martian surface. Most previous work has focused on determining if sedimentary carbonates exist on Mars, as the widespread presence of carbonate outcrops would strongly imply local aqueous conditions with a neutral to alkaline pH. Previous analyses of Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) data indicated that carbonates are not present at large outcrop scales on Mars with abundances above the TES detection limit of 10-15% [Bandfield, 2002] . Further detailed analysis of the TES data suggested that magnesite (MgCO 3 ) is present at the 2-5% level in the Martian globally homogenous fines, which likely formed in recent times as a result of a surface/atmosphere interaction Boynton et al., 2009] . Although carbonate minerals are not a major component of surface materials at global/regional scales, local scale carbonate-bearing exposures have been identified (Figure 1 ). The discovery of magnesite outcrops in the Nili Fossae region of Mars using data from the Mars Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument suggests that carbonates also formed as a result of aqueous alteration of basaltic rocks during the Noachian [Ehlmann et al., 2008] . Brown et al. [2010] further suggest that the interbedded clay and carbonate deposits in Nili Fossae resulted from hydrothermal conditions. Michalski and Niles [2010] identified Ca-and Fe-bearing carbonates in layered/foliated bedrock within the central peak of Leighton crater, 1500 km southwest of Nili Fossae, and suggested either metamorphism of phyllosilicate and carbonate-bearing surface sediments or CO 2 -metasomatism of typical basaltic rocks to explain their presence. Additional deposits of Fe and Ca-bearing carbonates have been found south/southwest of Syrtis Major [Wray et al., 2011a [Wray et al., ,2011b . Carbonates have also been found in Gusev crater using the Mars Exploration Rover Spirit's Mössbauer, Mini-TES and APXS spectrometers [Morris et al., 2010] . The Mg-rich carbonates in the Comanche outcrop in the Columbia Hills likely formed from near-neutral pH hydrothermal alteration of ultramafic rocks. Recent searches for more widespread outcrop-scale carbonates on Mars focusing on potential paleolake basins [Orofino et al., 2009] have found no evidence for their presence [Stockstill et al., 2005 [Stockstill et al., , 2007 .
[3] While carbonates are ubiquitous components of the Martian globally homogenous fines at the 2-5% level , the lack of widespread carbonate outcrops at the surface of Mars has led to the suggestion that Noachian atmospheric conditions prevented the precipitation of carbonates on the surface [Bullock and Moore, 2007; Halevy et al., 2007] . Others have suggested that carbonates that once formed on the surface of Mars are photochemically unstable under Martian conditions and that only oxides of the carbonate cations (e.g., CaO, MgO) would remain on the surface [Mukhin et al., 1996] . Subsequent experiments, however, have generally shown carbonates to be stable under a variety of UV exposure conditions [Quinn et al., 2006; Cloutis et al., 2008; Stalport et al., 2010] .
[4] Pollack et al. [1987] suggested that a thick CO 2 -rich atmosphere could have been maintained in the Noachian by abundant volcanic activity-either directly, through the injection of juvenile CO 2 into the atmosphere, or indirectly, through recycling of CO 2 into the atmosphere via the thermal decomposition of buried carbonates. It is also possible that carbonates could be decomposed by impact processes, although Carr [1989] suggests that this process is likely not as efficient as volcanism. Impact processes have been shown to have a strong effect on clay minerals in ancient Martian terrains [Che and Glotch, 2012; Sharp et al., 2012; Friedlander et al., 2012] , and recent modeling has shown that ground temperatures surrounding a new impact crater can be as high as 1000 C. These temperatures are more than high enough to decompose carbonates and can last for thousands of years [Abramov and Kring, 2005; Fairen et al., 2010] .
[5] A long-standing problem in the analysis of TES data at Mars is that satisfactory fits to the spectra from low-albedo surfaces are not possible without the inclusion of minor <10% abundances of carbonate minerals [e.g., Bandfield, 2002] . Use of carbonates in these models is problematic because carbonate mineral spectra have strong features betweeñ 1400 and 1600 cm
À1
, which are absent from low-albedo surfaces on Mars Bandfield and Smith, 2003] . Because carbonate minerals cannot be used to satisfactorily explain previous modeled results, it is necessary to explore other possibilities. In this work, we added thermal emission spectra of carbonate decomposition products to a standard spectral library for spectral mixture analysis of TES data. These materials are spectrally similar to carbonates at long wavelengths (low wave numbers), but lack the short wavelength (~1400-1600 cm
) spectral features associated with the n 3 carbonate asymmetric stretching mode [e.g., Lane and Christensen, 1997] . The analysis of our deconvolution models suggests the presence of carbonate decomposition products in the Syrtis Major region of Mars. We also employed additional spectral analysis techniques-spectral index mapping and factor analysis and target transformation (FATT)-to examine Syrtis Major in more detail.
[6] All of the spectral analysis techniques that we employed indicate that the Syrtis Major shield volcano has an anomalous long wavelength spectral feature that is best explained by the presence of carbonate decomposition products. The geologic setting of the carbonate decomposition products suggests that they were formed when Hesperian lava flows from the Syrtis Major volcano assimilated and decomposed subsurface carbonates in the region.
[7] Syrtis Major is Early Hesperian in age and composed of lava flows that have been estimated to be~0.5-1 km thick [Hiesinger and Head, 2004] . Crater counts indicate that the eastern Syrtis lava flows, which cover the rim of the Noachian Isidis impact basin, are slightly younger than those in western Syrtis. Wrinkle ridge patterns and topographic analysis of Syrtis Major suggest that portions of the summit collapsed and slid to the southeast, perhaps due to gravitational instabilities [Hiesinger and Head, 2004] , or magma chamber inflation [Crumpler et al., 1996] . Based on previous analyses using TES data, Syrtis Major is basaltic, with roughly equal proportions of plagioclase feldspar and clinopyroxene . The high clinopyroxene concentration is also consistent with near-infrared spectroscopic analyses [Bibring et al., 2005] .
Data and Methods
[8] We first acquired laboratory thermal emission spectra of carbonate decomposition products. We then used three methods to investigate the possibility of decomposed carbonates on Mars: (1) spectral index mapping, (2) linear spectral mixture analysis of both a global binned TES emissivity map and individual TES orbits of interest, and (3) factor analysis and target transformation to isolate independently variable scene end-members within areas of interest identified by methods 1 and 2.
Acquisition of Emissivity Spectra
[9] The spectra of carbonates and carbonate decomposition products all have major spectral features at long wavelengths (~300-500 cm 1 ;~20-33 mm). Here we focus on calcite, magnesite, and their oxide and hydroxide decomposition products, lime, CaO, portlandite, Ca(OH) 2 , periclase, MgO, and brucite, Mg(OH) 2 (Figure 2 ). We acquired synthetic reagent-grade powders of periclase, brucite, and portlandite from Fisher Scientific. We prepared a sample of lime by heating reagent grade CaCO 3 powder to 850 C overnight. All powder samples were pressed into compact pellets at 12,000 psi in a Carver hydraulic press using a Pike Technologies 13 mm die and anvil set. Spectra were acquired in an atmosphere purged of CO 2 and H 2 O on the Stony Brook University Vibrational Spectroscopy Laboratory's Nicolet 6700 Fourier transform infrared (FTIR) spectrometer modified to collect emissivity spectra similar to the methods described by Ruff et al. [1997] . All spectra are available in the Supporting Information and are also available on the Vibrational Spectroscopy Laboratory website at http://aram.ess.sunysb.edu/tglotch/spectra.html.
Spectral Index Mapping
[10] We produced a TES spectral index map that could indicate the presence of a long-wavelength spectral feature diagnostic of carbonate decomposition products. Spectral index maps have previously been generated from TES data to map the presence of hematite, dust, clays, and olivine Ruff and Christensen, 2007; Koeppen and Hamilton, 2008; Rogers and Fergason, 2011] . We first prepared a global TES apparent emissivity map spanning all longitudes and À60 :60 N latitude. High-quality, warm TES emissivity spectra with low water ice and dust signals covering Science Mapping Phase orbits 1-5317 were binned at a spatial resolution of 4 pixels per degree. The data cube was created using the methods described by Bandfield [2002] , although ours differs slightly because we used the latest version of the TES calibration (version 002E). Of the 143 channels in a TES spectrum, only channels 9-35 and 65-110 (~233-508 and 825-1301 cm
À1
) are commonly used for mineralogical analysis due to the presence of the fundamental atmospheric CO 2 feature centered at 667 cm À1 and minor atmospheric gas features and the low signal-to-noise ratio typically present in the TES spectra at shorter wavelengths. Using this standard 73-channel data cube, we then produced a spectral index map indicative of lime or portlandite using the following equation: ) where e x denotes the emissivity at a particular TES wavelength. The first term in the formula indicates the presence or absence of an emissivity minimum associated with lime or portlandite. The second term is used to correct for misidentifications associated with hematite, which has a longwavelength spectral feature close to those of lime and portlandite.
[11] The index was created from non-atmospherically corrected TES data, but makes use only of long-wavelength spectral features. At long wavelengths, the Martian atmosphere has a relatively low dust opacity, and atmospheric dust has a low spectral variability that will not substantially interfere with surface spectral features. While both water ice clouds and atmospheric water vapor have spectral features at long wavelengths, they result in index values that are negative or close to zero according to equation (1). Therefore, in this case, it is valid to create an index based on surface features in non-atmospherically corrected spectra. Anomalously high index values may still arise from spectra that have high atmospheric dust components, although we have guarded against this by carefully selecting the TES data that were used to create the binned emissivity cube.
[12] In general, spectral indices should be thought of as useful guides rather than exact maps. In some cases, multiple minerals can have high values for the same index. Figure 3 shows the index values of all 50 mineral spectra (normalized to have the same spectral contrast) in our spectral library. Lime has the highest index value, followed by portlandite. Other minerals with relatively high index values include siderite and hematite.
Factor Analysis and Target Transformation
[13] We used R-mode factor analysis and target transformation (FATT) techniques [Malinowski, 1991] to isolate any independently variable spectral shape that may be the cause of the spectral anomaly displayed in the index maps in Figure 3 . The FATT technique can be used on any data set in which the components (1) vary independently of each other and (2) add linearly. Because the thermal infrared spectra of minerals have been shown to combine linearly for coarsely particulate surfaces [Gillespie, 1992; Thomson and Salisbury, 1993; Ramsey and Christensen, 1998 ], the TES and Mars Exploration Rover Mini-TES data sets are ideal for this type of analysis [e.g., Bandfield et al., 2000a; Glotch and Bandfield, 2006] . Syrtis Major is one of the darkest regions of Mars, with TES albedo values ranging from~0.088 to~0.150. The low albedo suggests that the surface of Syrtis Major is composed of coarse rather than fine particulates. This interpretation is reinforced by the TES-derived thermal inertia [Mellon et al., 2000] for the region, which varies between~175 and 275 Jm À2 K À1 s À1/2 . This correlates to an effective particle size of fine to medium sand [Presley and Christensen, 1997] , which is well within the range of particle sizes for which mid-IR spectra have been shown to add linearly. One caveat is that we performed this analysis on TES data that were not atmospherically corrected; however, it has been shown that the combination of Table 1. atmospheric and surface components behaves as an approximately linear system [Bandfield et al., 2000a] , so use of this technique is justified.
[14] We began our analysis by gathering 10,000 highquality, warm individual TES spectra acquired over orbits 1-5317 over the northern Syrtis Major region (65 -75 E, 6.5 -18.5 N). When using more than~10,000 spectra, R-mode factor analysis becomes computationally prohibitive. However, it is desirable to use a large number of spectra, which improves the quality of the analysis by (1) reducing noise in the first several eigenvectors and (2) ensuring that the full variability present in the data set is captured. For both this analysis and spectral mixture analysis (section 2.4), we used the standard 73-channel TES data set described in section 2.2.
[15] Using this data set, we applied the R-mode factor analysis algorithm [Malinowski, 1991] to transform the spectra into a set of orthogonal, abstract eigenvectors with associated eigenvalues. The eigenvalues associated with each eigenvector represent the relative importance of each eigenvector to the total variability in the data set. The number of eigenvectors produced by the factor analysis process is equal to the number of spectral samples in the data set (73 for this work). However, the eigenvalues associated with the eigenvectors can be used to constrain which eigenvectors represent real variability in the data set and which simply represent noise. This has the beneficial effect of reducing the dimensionality and therefore complexity of large data sets.
[16] The eigenvectors that represent variability of nonnoise components in the data set must be transformed back into physically meaningful components. To do this, we employ target transformation, which rotates the coordinate axes of the eigenvectors and aligns them to yield a physically meaningful result [Malinowski, 1991] . The eigenvectors are used to fit "target" spectra using a linear least squares routine, with a set of mineral and rock spectra as targets. If a mineral or rock spectrum is modeled well using the eigenvectors, then it is likely a component of the data set. Additional details on the FATT techniques can be found in Malinowski [1991] , Bandfield et al. [2000a] and Glotch and Bandfield [2006] .
Linear Least Squares Modeling of TES Data
[17] In addition to creating spectral index maps and FATT analysis, we performed linear deconvolution analyses on (1) the global TES emissivity data cube, (2) data from individual TES orbits over Syrtis Major, and (3) the FATTderived spectra described in section 3.2. We used a spectral library consisting of the minerals shown in Table 1 . The spectral library, in addition to the carbonate decomposition products, also includes a range of silicates, sulfates, and carbonates. All spectra are from the Arizona State University TES Spectral Library (http://speclib.asu.edu) unless otherwise noted. The library, which consists of mineral and atmospheric components [e.g., Bandfield, 2002; Bandfield et al., 2000a Bandfield et al., , 2000b Rogers, 2011] , was used to generate a linear least squares fit to the TES spectra. The atmospheric components were then scaled according to their modeled abundances and removed from the TES spectra to provide a surface emissivity spectrum. For the global emissivity cube analysis, we used the iterative deconvolution algorithm of Ramsey and Christensen [1998] . To deconvolve the individual Syrtis Major orbit and FATT spectra, we used the non-negative least squares algorithm of Rogers and Aharonson [2008] . This method has the advantage of always finding the global minimum error solution, and it is appropriate to deconvolve small numbers of spectra. However, this method is too computationally intensive for analysis of the many thousands of spectra in the global data set. In most cases, the iterative and non-negative least squares methods yield identical results [Rogers and Aharonson, 2008] .
Results

Index Mapping
[18] A global TES lime/portlandite index map is shown in Figure 4 . The map (Figure 4) has index values that range from À0.0625 to 0.0664. Syrtis Major is the only large region on Mars with elevated index values. This region (65 -75 E, 6.5 -18.5 N) has an average index value of 0.0206 compared to a global average of À0.00004. The standard deviation of the global index map is 0.0066. Regions of slightly elevated index values also occur in Tyrrhena Terra, Terra Cimmeria, and Thaumasia Planum.
[19] This map suggests that there is a long-wavelength spectral feature in the TES data set that is geographically correlated with Syrtis Major. The average value for Syrtis Major is larger than the global average by >3 standard deviations.
Derivation of Scene-Derived Spectral End-Members
[20] We used the FATT algorithm on the standard 73-point TES data set covering Syrtis Major. The mean spectrum, first 10 eigenvectors, and associated eigenvalues are shown in Figure 5 . The higher-order eigenvectors are dominated by noise rather than mineral or atmospheric spectral signatures, suggesting that the variability in the TES data set in this region can be mostly accounted for by five to six independently variable spectral components. In some cases, minor components can be associated with higher order eigenvectors, making them difficult to completely separate from the noise [e.g., Bandfield et al., 2002] .
[21] Using this technique, we were able to recover five spectral end-members from the Syrtis Major region (Figure 6 ). These five spectral end-members compose the mean spectrum shown in Figure 5 . The set of target vectors consisted of the Ca/Mg oxide and hydroxide spectra acquired as part of this study, synthetic and derived atmospheric components from Bandfield et al. [2000a] ,~100 mineral spectra from the Arizona State University TES Spectral Library (http://speclib.asu.edu), and an additional 100 spectra of rocks from the Wards Natural Science catalog. Mineral target spectra were from major mineral groups including silicates, oxides and hydroxides, carbonates, sulfates, and phosphates. Rock spectra included extrusive and intrusive igneous compositions with felsic to ultramafic compositions in addition to a variety of sedimentary and metamorphic rocks. Even though this large and diverse set of target vectors is not necessarily representative of the actual components in the TES data from this region, using a large library of target spectra allowed us to determine the independently variable spectral components and produce refined scene spectral end-members from a set of target vectors [e.g., Bandfield et al., 2000a] . Using this large set of target vectors, we found a regional spectral shape (spectrum "a") characterized by a deep long wavelength spectral feature and a relatively featureless spectrum between 800 and 1300 cm À1 where, instead, silicates typically have strong features. We also recovered a regional basaltic spectral shape (spectrum "b") similar to TES Type 1 [Bandfield et al., 2000a or Group 2 , and three atmospheric spectral shapes representing atmospheric dust, atmospheric CO 2 , and water ice clouds [Bandfield and Smith, 2003 ].
Spectral Mixture Analysis of TES Data 3.3.1. Spectral Mixture Analysis of the FATT-Derived Spectra
[22] The average FATT-derived spectrum with the anomalous long-wavelength spectral feature (Figure 6 ) is not a perfect match to a single mineral phase. We used the mineral end-members in our spectral library (Table 1) to deconvolve the FATT-derived spectrum to determine the most important mineral contributions to this spectrum. The FATT-derived and modeled spectra are shown in Figure 7 , and the modeled mineralogy is shown in Table 2 . The primary components of this spectral shape are carbonate decomposition products (~71%), carbonate (15%), and olivine (~11%), with negligible amounts of quartz and high-silica phases ( Table 2 ). The major carbonate decomposition product used by the model is portlandite (~59%) followed by brucite (~12%).
[23] The FATT algorithm also recovered a spectral shape similar to the TES Group 2 spectral shape defined by . The main difference is the overall higher emissivity of our FATT-derived spectral shape in the~200-500 cm À1 region as compared to the ST1 and Group 2 shapes (Figure 8a ), although the long wavelength nature of this spectral shape is somewhat ambiguous. Because the FATT algorithm recovered an independent long-wavelength spectral shape, a basaltic shape could also be recovered with an arbitrary amount of the long-wavelength component added to or subtracted from it. With that caveat in place, spectral mixture analysis of the FATT-derived basaltic shape ( Figure 8b and Table 3) shows that the primary constituents are feldspar (~38%), pyroxene (~31%), olivine (~11%), and high-silica phases (~10%), with negligible amounts of all other phases. reported that the Group 2 spectral shape, which they found was prevalent mostly in Syrtis Major, is composed of pyroxene (33%), plagioclase (31%), high-silica phases (12%), olivine (7%), and 17% all other phases.
Spectral Mixture Analysis of the Global Data Set
[24] We performed a linear spectral mixture analysis of the binned TES emissivity data cube and summed the modeled abundances of (1) carbonates and (2) carbonate decomposition Figure 6 ) and the modeled spectrum determined by linear spectral mixture analysis. Results of the spectral mixture analysis are given in Table 2 . products. The resulting abundance maps of each of these mineral groups determined by linear spectral mixture analysis are shown in Figure 9 . The carbonate abundance map includes the summed abundances of calcite, dolomite, magnesite, and siderite. This map (Figure 9a ) indicates that carbonates are not present over scales of tens of kilometers at abundances ≳5 %. This result compares well with that of Bandfield [2002] as well as Stockstill et al. [2005 Stockstill et al. [ , 2007 who also searched for their presence in TES data.
[25] The carbonate decomposition product abundance map is shown in Figure 9b . This map includes the summed abundances of lime, pericalse, portlandite, and brucite. Low concentrations are apparent over most of the planet, with the exception of Syrtis Major, and, perhaps, Terra Cimmeria, Tyrrhena Terra, and Thaumasia Planum. The average abundance of carbonate decomposition products over the entire surface of Mars is 3.2%, with a standard deviation of 2.2%. In Syrtis Major, between 67
-71 E and 10 -16 N, the average abundance is 7.2%, with several pixels in this region having abundances >20%.
Spectral Mixture Analysis of Individual TES Orbits
[26] Our global deconvolution results, spectral index maps, and FATT analysis all suggest Syrtis Major has unique spectral properties that may indicate the presence of carbonate decomposition products. As an additional test, we gathered data from four individual TES orbits from parts of Syrtis Major that showed variable index values in Figure 4 . Figure 10a shows the positions of orbits 1902, 2015, 2191, and 2279 on the lime/portlandite index map. Figure 10b shows the average atmospherically corrected surface spectra and the model fits for each orbit using the mineral spectral library shown in Table 1 . For these analyses, 230 individual TES spectra were averaged from orbit 1902, 105 spectra were averaged from orbit 2015, 172 spectra were averaged from orbit 2191, and 147 spectra were averaged for from orbit 2279. Three of these orbits occur in an area with relatively high index values, while one (orbit 1902) occurs in a region that has lower average index value. Results of the analyses are given in Table 4 . Carbonate decomposition product abundances range from~10% tõ 16% and are inversely correlated with modeled highcalcium pyroxene abundances, which range from~15% tõ 28%, and modeled sulfate abundances, which range from 1.6% to 9.5%. In each case, the only modeled carbonate decomposition product is portlandite. Abundances of feldspar, olivine, and high-silica phases are consistent with the generally basaltic character of the region and are comparable to previous estimates [e.g., .
Discussion
[27] Each of the three methods we employ-spectral index mapping, factor analysis and target transformation, and spectral mixture analysis-indicates the presence of a long wavelength spectral feature in the TES data covering Syrtis Major. This long-wavelength feature is consistent with the presence of carbonates or the products of their decomposition, and no other mineral or mineral class has been identified that can account for this spectral feature.
[28] Mustard et al. [1993] suggested, based on ISM data, that the mafic composition of Syrtis Major is relatively homogenous and that the observed spectral variability from west to east is due to the addition of a ferric dust coating or duricrust in eastern Syrtis. noted that Syrtis Major is spectrally distinct from other low-albedo surfaces in TES data, and found that, based on TES data, the characteristic Syrtis spectral shape is dominated by plagioclase feldspar (31%) and high-Ca clinopyroxene (29%), with smaller amounts of high-silica phases and other minerals. This result is broadly consistent with VNIR studies, which also found that the composition of Syrtis Major is dominated by high-Ca Table 3. clinopyroxene [Bibring et al., 2005] . Our results are also broadly consistent with those of . Overall, plagioclase and clinopyroxene values are slightly lower, and carbonate decomposition product abundances are~15% (Table 4) in the high index value region shown in Figures 4 and 10 (note that the carbonate decomposition product abundances are derived from deconvolution of both binned and individual TES orbit data, rather than deconvolution of the FATT-derived spectral shape shown in Figure 7) .
[29] The source of the original carbonates that were decomposed to produce the unique spectral feature we see in Syrtis Major (Figures 6 and 7) is ambiguous, but we hypothesize that deeply buried sedimentary or hydrothermal carbonates interacted with Syrtis Major magmas during their ascent to the surface. These carbonates were devolatilized and/or assimilated into the Syrtis magmas, and the resulting products were eventually exposed on the surface.
[30] Recent work has shown that deeply buried carbonates have been exposed by erosion and impact processes in circum-Nili/Isidis region and south and west of Syrtis Major (Figure 1) [Ehlmann et al., 2008; Michalski and Niles, 2010; Wray et al., 2011a; Ehlmann and Mustard, 2012] . These are primarily Mg-and Ca/Fe-bearing carbonates, while this study indicates that decomposition products found at Syrtis Major are primarily derived from Ca-bearing carbonates. Michalski and Niles [2010] and Wray et al. [2011a] proposed that there may be a regional buried carbonate layer, and J. R. Michalski et al. (manuscript in review, 2013) have proposed that these deeply buried carbonates were formed by brine metasomatism, perhaps as a result of ancient surface waters percolating through the regolith and altering rocks at depth [e.g., Niles et al., 2005] . Alternatively, Viviano et al. [2012] suggest carbonation of serpentine as a method for forming carbonate. Regardless of the formation pathway of the carbonates exposed in this area, the fact that a number of carbonate exposures have been identified in both impact craters and tectonic/erosional troughs in the region points to a widespread regional deposit. The Syrtis Major volcanic complex covers an area >1.2 Â 10 6 km 2 and is composed of lavas with a volume of~1.6-3.2 Â 10 5 km 3 [Hiesinger and Head, 2004] . These lavas alone would be enough to bury a regional surficial carbonate deposit, but because they are Hesperian in age, it is likely that older Noachian lavas first covered the carbonates, if, in fact, they formed on the surface.
[31] It is highly likely that these carbonates formed in the early-to-mid Noachian. Ehlmann et al. [2008] found that the Mg-bearing carbonates exposed in Nili Fossae, just northeast of Syrtis Major, are restricted to Noachian terrain, lying stratigraphically above a clay-bearing layer and below a sulfate-bearing layer [Ehlmann and Mustard, 2012] . Niles et al. [2005] proposed a brine metasomatism model of carbonate formation requiring the percolation of CO 2 -rich fluids into the subsurface. If regional carbonates formed via this mechanism, it must have occurred early in Martian history, when a thicker CO 2 -rich atmosphere was likely to be present. The surface of Syrtis Major (composed of the youngest Figure 9 . Global abundance maps of (a) carbonates and (b) carbonate decomposition products determined using linear spectral mixture analysis. lava flows) is early Hesperian in age, so any magmas that fed those lava flows would have interacted with a pre-existing regional subsurface carbonate layer.
[32] If carbonate-magma interactions and the resulting carbonate devolatilization did occur at depth, it is important to assess the impact of the released CO 2 on the properties of the evolving magma, the local geology, and the global climate. On Earth, typical byproducts of Ca-carbonatemagma interactions include Ca-rich pyroxene, plagioclase, and the calc-silicate phases melilite, (Ca,Na) 2 (Al,Mg,Fe ++ ) (Si,Al) 2 O 7 , and larnite, Ca 2 SiO 4 , [e.g., Michaud, 1995; Deegan et al., 2010] . Oxides or hydroxides of Ca and Mg, which are the first products of carbonate devolatilization are relatively rare but do occur, sometimes in xenoliths [e.g., Sabine and Young, 1975; Barberi and Leoni, 1980; Irran et al., 1997] . Lime, especially would be an unlikely component on the Martian surface due to the fact that it recarbonates quickly under a large range of pCO 2 conditions [Abanades and Alvarez, 2003] , but portlandite, which is stable under a wide range of conditions, is the primary phase found by our spectral mixture analysis models.
[33] Experiments have shown that calcite assimilation by hydrated basaltic magmas results in the favored crystallization of Ca-rich clinopyroxene over other phases [Marziano et al., 2008] . Perhaps not coincidentally, Syrtis Major has the highest concentration of Ca-rich clinopyroxene of any large low-albedo region on Mars . Enrichment of Ca-bearing silicates would occur if subsurface carbonate was fully assimilated by the ascending magma. Preservation of carbonate decomposition products like those described here requires that subsurface carbonates are thermally metamorphosed without reacting with silicate liquids and brought to the surface. This is consistent with the local inverse correlation we see between the modeled abundances of carbonate decomposition products and highcalcium pyroxene (Table 4) . Alternatively, assimilated carbonates might greatly increase the fCO 2 of the magma, resulting in the crystallization of magmatic calcite [e.g., Freda et al., 2010] , which would later be thermally metamorphosed by lava flows or impact processes [e.g., Carr, 1989] . Finally, carbonate xenoliths might be brought to the Martian surface, where as described above, they could be decarbonated by further volcanic activity or impact processes. There is evidence in the Martian meteorites that impact-induced decarbonation has, in fact, occurred. Although the cumulate orthopyroxenite composition of AHL84001 [Mittlefehldt, 1994] differs considerably from that of the lavas that compose Syrtis Major, it provides several examples of likely carbonate decomposition. Periclase detected in ALH84001 using transmission electron microscopy has been interpreted as evidence for thermal decomposition of Mg-rich carbonates in the meteorite Scott, 2003, 2006] . Zolotov and Shock [2000] suggest impact-related dissociation of Fe-carbonates resulted in fine-grained magnetite hydrocarbons found in the meteorite, and Greenwood and McSween [2001] also invoke carbonate decomposition in the petrogenetic history of ALH84001. In each case, though, carbonate decomposition products are minor components.
[34] Entrainment or assimilation of carbonates at depth may also have resulted in structural changes in Syrtis Major. Hiesinger and Head, [2004] suggested, based on wrinkle ridge patterns and topographic analysis of Syrtis Major, that portions of the summit collapsed and slid to the southeast, perhaps due to gravitational instabilities or magma chamber inflation [Crumpler et al., 1996] . Mechanical weakening of the subsurface as a result of carbonate devolatilization is another mechanism that could explain the topography and wrinkle ridge patterns on Syrtis Major. A terrestrial analog of this phenomenon is Mount Etna, Italy, which is underlain by a thick carbonate and clay-rich sedimentary sequence. Table 4 .
The main magma body that feeds the volcano lies within these sediments [Lundgren et al., 2004; Bonaccorso et al., 2010] , and numerical modeling has shown that rocks in contact with the magma chamber are heated to 1000 C [Del Negro et al., 2009] . Experiments performed on a marly limestone similar to the rocks that underlie Mount Etna show that the unconfined compressive strength of the rock decreases substantially as a result of devolatilization of clay and carbonate as temperature is steadily increased [Mollo et al., 2011] . Thus, this weakened sedimentary layer below Mount Etna may explain the previously recognized structural instability of the flank of the volcano [Borgia et al., 1992; Lundgren et al., 2004; Patanè et al., 2006; Battaglia et al., 2011] . We suggest here that a similar mechanism may have played a role in the summit collapse of Syrtis Major.
[35] Devolatilization of carbonate-bearing rocks would result in the return of CO 2 to the atmosphere, perhaps influencing the Martian climate [Pollack et al., 1987] . Impacts might also return CO 2 to the atmosphere, but this mechanism is probably less efficient than volcanism [Carr et al., 1989] . The total area of visible carbonate outcrops that have been discovered thus far (Figure 1 ) is minor, but these outcrops, combined with the detection of carbonate decomposition products at Syrtis Major provide indirect evidence for a larger regional subsurface carbonate layer. This represents a potential major sink of atmospheric CO 2 and suggests an aqueous weathering mechanism for the removal of large quantities of CO 2 from the Noachian atmosphere [e.g., Kahn, 1985; Pollack et al., 1987] . The total volume of carbonates that interacted with the Syrtis Major magmas is unconstrained and would depend on the thickness and areal extent of the layer as well as the number, size, and position of dikes, sills, and magma conduits that fed the Syrtis magmas to the surface. The detection of carbonates around the perimeter of Syrtis Major [Ehlmann et al., 2008; Michalski and Niles, 2010; Wray et al., 2011a; Ehlmann and Mustard, 2012] shows that not all carbonates were decomposed and the volume of carbonates that interacted with subsurface magma conduits was probably minor. This leads to the tentative conclusion that, while CO 2 was certainly evolved from the magma-carbonate interaction, the effects on the Hesperian climate were likely minimal.
Conclusions and Future Work
[36] We used spectral index mapping, factor analysis and target transformation, and linear spectral mixture analysis to show that Syrtis Major exhibits an anomalous longwavelength spectral feature in TES data that is best explained by the presence of carbonate decomposition products. Based on the presence of carbonate outcrops exposed by impacts and erosion in the circum-Syrtis region, we suggest that Syrtis major magmas interacted with an extensive subsurface carbonate layer. Interaction of the magma with these subsurface carbonates resulted in thermal metamorphism and assimilation of the carbonates, leading to the presence of the carbonate decomposition products and perhaps also to the high abundances of high-Ca pyroxene in the Syrtis Major lavas. The presence of portlandite as the dominant modeled carbonate decomposition product and the high modeled abundances of high-Ca pyroxene suggest that subsurface carbonates are dominantly Ca-bearing. This is in contrast to the primarily Mg-bearing carbonates identified by Ehlmann et al. [2008] in Nili Fossae and the Fe/Cabearing carbonates identified by Wray et al. [2011a] and Michalski and Niles [2010] south and West of Syrtis Major. Subsurface carbonate devolatilization may also be responsible for collapse and transport of Syrtis Major summit material to the southeast. While carbonate devolatilization would have resulted from the interaction of Syrtis Major lavas with a subsurface carbonate layer, the amount of CO 2 returned to the Martian atmosphere as a result of this process is highly unconstrained.
[37] Syrtis Major has the strongest spectral signature of carbonate decomposition products on Mars, but global mapping also revealed potential detections in several other lowalbedo regions including Tyrrhena Terra, Terra Cimmeria, and Thaumasia Planum (Figures 4 and 9) . Further investigations of these sites are warranted to determine if processes similar to those described in Syrtis Major occurred elsewhere on Mars.
